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ABSTRACT
We have carried out a search for the optical and infrared counterpart of the
Anomalous X–ray Pulsar 1E 1841−045 , which is located at the center of the su-
pernova remnant Kes 73. We present the first deep optical and infrared images of
the field of 1E 1841−045 , as well as optical spectroscopy results that exclude the
brightest objects in the error circle as possible counterparts. A few of the more red-
dened objects in this region can be considered as particularly interesting candidates,
in consideration of the distance and absorption expected from the association with
Kes 73. The strong interstellar absorption in the direction of the source does not allow
to completely exclude the presence of main sequence massive companions.
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1 INTRODUCTION
The X-ray source 1E 1841−045 was discovered with the Ein-
stein Observatory in 1979 (Kriss et al. 1985) at the center
of the supernova remnant Kes 73 (G27.4+0.0), and studied
in more detail with ROSAT (Helfand et al. 1994). Kes 73 is
a young supernova remnant that shows a shell morphology
in the radio band, without any evidence for a central syn-
chrotron nebula originating from a rotation-powered pulsar.
The most likely interpretation for 1E 1841−045, on the ba-
sis of these earlier observations, was that of an accretion
powered system.
Recent data obtained with ASCA led to the discovery
of a periodicity at 11.8 s and a period derivative of 4 10−11
s s−1 (Vasisht & Gotthelf 1997). The corresponding char-
acteristic age τ=P/2P˙∼4,700 yr is consistent with that of
Kes 73, thus strenghtening the association. The X–ray spec-
trum of 1E 1841−045 is very soft (power law photon index
∼3.4), and its luminosity has remained remarkably constant
⋆ Based on observations collected at the European Southern Ob-
servatory, La Silla, Chile.
at a level of ∼3 1035 erg s−1 (for d=7 kpc) during all the ob-
servations carried out up to now (Gotthelf, Vasisht & Dotani
1999).
On the basis of these observational properties,
1E 1841−045 can be included in the class of Anomalous
X–ray Pulsars (AXPs, Mereghetti & Stella 1995). These
pulsars, while clearly not powered by the rotational energy
losses, are characterized by soft spectra, periods in a nar-
row range (6 to 12 s), secular spin down, absence of massive
companions, no radio emission (see Mereghetti 2000 for a
review). Three of the six known AXPs are associated to su-
pernova remnants (SNRs).
The AXPs are clearly very different from the more com-
mon accreting X–ray pulsars usually found in High Mass
X–ray Binaries, and their nature is still uncertain. Several
models (involving both binary systems and isolated objects)
have been proposed, but up to now the only reasonably well
established fact is that AXPs are yet another manifestation
of neutron stars.
Here we report a study of the possible counterparts of
1E 1841−045 based on deep optical and infrared observa-
tions of its small error region.
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Date Tel. Instrument Filter Exp. Seeing
24.06.1993 NTT EMMI V 10 min 1.′′2
24.06.1993 NTT EMMI R 10 min 1.′′0
06.08.1997 2.2m EFOSC2 B 10 min 1.′′5
14.09.1999 3.6m EFOSC2 r 15 min 1.′′1
25.07.1999 NTT SOFI J 1 min 0.′′7
25.07.1999 NTT SOFI Ks 1 min 0.′′7
12.04.2000 OAN La RUCA B 15 min 1.′′5
12.04.2000 OAN La RUCA V 5 min 1.′′5
12.04.2000 OAN La RUCA R 6 min 1.′′5
Table 1. Summary of the imaging observations of the
1E 1841−045 field. Columns list the observing epoch, telescope,
imaging instrument, filter, total exposure time and average seeing
conditions during each observation.
2 OBSERVATIONS
Several observations of the field of 1E 1841−045 were car-
ried out using different European Southern Observatory
(ESO) telescopes at La Silla from 1993 to 1999. Table 1 gives
a log of the observations that are described in more detail
in the following subsections.
2.1 Optical Imaging
Images in the V and R filters were obtained with the 3.5 m
NTT in June 1993, using the first generation of the ESO
Multi Mode Instrument (EMMI) operated in imaging mode
with the red-sensitive CCD. The detector, a 2048×2048 Lo-
ral CCD, had a field of view (f.o.v.) of 10′× 10′ with a pixel
size of 0.′′35.
The field of 1E 1841−045 was observed in the Bessel
B filter using EFOSC2 at the ESO/MPG 2.2 m in August
1997. We used the 2048×2048 Loral chip (ESO CCD No.
40) with a pixel scale of 0.′′262 per pixel.
Finally, an image in the Gunn r filter was taken with
the EFOSC2 instrument on the 3.6 m telescope in September
1999. We used the 2048×2048 Loral/Lesser (ESO CCD No.
40) with a 2×2 rebinning which resulted in a pixel scale of
0.′′31 per pixel.
All the data were reduced using standard procedures
for bias subtraction, flat–field correction and cosmic rays
cleaning. Profile fitting photometry was carried out with
the DAOPHOTII package (Stetson 1987) as implemented
in ESO–MIDAS 98NOV version. Calibration was performed
by standard stars observed, as far as possible, in the same
condition of the scientific frame. While the relative mag-
nitude values from these data are quite accurate (∼0.01–
0.02 mag), it was not possible to derive a precise absolute
calibration since most of the observations were carried out
in non-photometric conditions. Therefore, in order to ob-
tain the absolute calibration, we reobserved the field in the
B, V and R filters under photometric conditions using the
1.5m telescope of the Observatorio Astrono´mico Nacional at
Figure 3. Flux calibrated spectra for candidates A (lower line)
and B taken at the 1.5m Danish telescope.
San Pedro Ma´rtir (Baja California, Mexico) equipped with
a 1024 × 1024 CCD detector with a pixel scale of 0.′′24 per
pixel. This allowed to obtain the results summarized in Ta-
ble 2. The Gunn r photometry was calibrated by means of
standard star observed in the R band and the average rela-
tions between uvgr and UBVR systems (Kent 1985).
2.2 Infrared Imaging
Near–infrared observations have been carried out at the
NTT using SOFI. The SOFI instrument is an infrared spec-
trograph and imaging camera with a HgCdTe 1024 × 1024
array and a pixel size of 18.5 µm. The camera was operated
with a f.o.v. of 4.′94 × 4.′94 and a corresponding pixel scale
of 0.′′292. Images have been taken through the wide-band
J (λ = 1.247µm; ∆λ = 0.290µm) and Ks (λ = 2.162µm;
∆λ = 0.275µm) filters with exposure times of 60 s. The
typical seeing for these observations was ∼0.7′′. After taking
each image of the object, an image of the sky was acquired,
to permit the subtraction of the blank sky. The images were
further treated by removal of the dark current, flat field and
bright infrared sky.
2.3 Optical spectroscopy
Spectroscopy of the brightest candidate counterparts (ob-
jects A and B) was obtained at the 1.5 m ESO Spectro-
graphic telescope on July 1998, using a B&C Spectrograph.
The exposure time was 20min; the slit width was 2′′. The
spectra covered the wavelength range 4000–8000 A˚ with a
resolution of ∼ 10 A˚ (FWHM). Spectra were flux calibrated
under non-photometric conditions, so that just the relative
intensities are reliable.
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Figure 1. R band image of the field of 1E 1841−045 obtained with the NTT/EMMI in 1993. Here and in the following images North
is top and East left. The two error circles have radii of 3′′.
3 RESULTS
An R–band image of the field of 1E 1841−045 is shown
in Fig 1. The two error circles are centered at the positions
obtained with the ROSAT HRI, R.A.=18h 41m 19.2s Dec.
= –04◦ 56′ 12.5′′ (J2000, Helfand et al. 1994) and with the
Einstein HRI, R.A.=18h 41m 19.0s Dec. = –04◦ 56′ 08.9′′
(J2000, Kriss et al. 1985). Both positions were reported with
uncertainties of 3′′, but possible errors in the satellites bore-
sight cannot be excluded. For this reason we considered all
the objects within ∼10′′ from the nominal positions. Our as-
trometry, computed with the ASTROM software (Wallace
1990) on a short exposure EMMI image by using as a refer-
ence a set of stars from the DSS2, has an overall accuracy
of ∼1′′.
Several objects are present within or close to the error
circles. Their magnitudes are reported in Table 2. A deeper
image is shown in Fig. 2.
The spectra for the brightest objects, B and A, are
shown in Fig. 3. Classification was performed by comparison
with the spectral library of Silva & Cornell (1992). Based on
this we classify star B as a F6–7 III and star A as A5–8V.
Both spectra are quite reddened. From the EW of the NaI
lines, we can estimate an interstellar absorption larger than
AV ∼1.5 for both stars (Munari & Zwitter 1997).
The infrared image in the Ks band is shown in Fig. 4.
Tanks to the less severe absorption at long wavelengths,
these data give the deeper view of the region, revealing sev-
eral objects undetected in the visible band.
4 DISCUSSION
The distance of Kes 73 was determined by means of the
21 cm absorption measurements by Sanbonmatsu & Helfand
(1992), who obtained a value of 6–7.5 kpc. These authors
also estimated an HI column density to the source of ∼5
1021 cm−2. The equivalent hydrogen column density ob-
tained from X–ray spectral fits of 1E 1841−045 and Kes 73
is in the ∼1.5-3 1022 cm−2 range (Gotthelf & Vasisht 1997).
It is thus clear that we can expect a significant reddening for
the optical counterpart of 1E 1841−045 . For instance as-
suming NH=2 10
22 cm−2 and using the average relation NH
= 1.79 1022AV cm
−2 (Predehl & Schmitt, 1995) we expect
AV ∼11 (note however that there is a large scatter around
the above average relation).
The two brightest objects we studied (A and B) are
normal stars without any distinctive feature in their spectra
that might suggest an association with an X–ray pulsar.
c© 2000 RAS, MNRAS 000, 1–7
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Figure 2. Deep R band image of the same field shown in Fig. 1. The color scale has been stretched to show better the faintest stars.
Their magnitudes and colors also indicate a relatively small
distance of ∼3 kpc.
The color-magnitude diagram based on the V and R
NTT observations is shown in Fig. 5. The circles indicate the
objects within or close to the error regions; their magnitudes
are given in Table 2. None of these objects possesses espe-
cially unusual colors. The V-R color–magnitude diagram,
that shows a clearly defined sequence, is very similar to that
of a star cluster, indicating that most of the stars that we
observed have similar distance and reddening.
The possible presence of a star cluster would be partic-
ularly interesting; however, a more likely explanation is that
we are looking at stars belonging to one of the spiral arms
of our Galaxy. In fact, the line of sight toward Kes 73 inter-
cepts Arm 3 at ∼2.5-3 kpc (see, e.g., Taylor & Cordes 1993)
and then is almost tangential to Arm 2 for distances between
∼5 and ∼8 kpc. For comparison, the lines corresponding to
a main sequence for different values of reddening and dis-
tance are also plotted in Fig. 5. It is clear that most of the
points in the diagram correspond to stars in the spiral arm
at ∼2.5-3 kpc, while only a few farther objects are visible
due to the strong reddening in the Galactic plane. There-
fore, if we trust the association between 1E 1841−045 and
the SNR at d∼7 kpc, most of the objects seen in the optical
images are likely foreground stars much closer than Kes 73.
The presence of a large number of stars with similar
values of distance and reddening is also evident from the
IR color-magnitude plot shown in Fig. 6. Here objects con-
sistent with a red giant branch are also visible, as well as
many other more distant and/or reddened stars that are
not seen in the optical bands. The objects within or close
to the error boxes of 1E 1841−045 are indicated with di-
amonds. Three of them are very reddened (G, 5 and 19),
with colors not compatible with main sequence stars. They
are probably very distant giant or supergiant stars. In par-
ticular, while stars G and 5 are quite distant from the error
regions of 1E 1841−045 , star 19 should be considered as a
potentially interesting candidate counterpart.
Many accreting pulsars have supergiant OB compan-
ions. However, the IR magnitudes of object 19 does not sup-
port an early type star. OB supergiants have typically (J–
K) in the –0.2 to 0.1 range (Johnson 1966, Ruelas-Mayorga
1991) therefore a very high absorption (Av >∼ 25-30) is re-
quired by the observed value of (J–K)=5.24±0.12, as well as
a distance placing it at the edge of the Galaxy, well beyond
Kes 73. The possibility of a Be system seems also unlikely:
though a smaller distance is allowed (e.g. ∼10 kpc for a B5)
still a very large AV would be required, (of course, a smaller
AV could be assumed in the presence of substantial IR emis-
sion from circumstellar dust). A more plausible explanation
for star 19 is that of a very reddened giant at d >∼ 8 kpc.
Some models for AXPs involve isolated neutron stars
c© 2000 RAS, MNRAS 000, 1–7
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Figure 4. Ks band image of the field of 1E 1841−045 .
accreting from residual disks (van Paradijs et al. 1995,
Ghosh et al. 1997, Chatterjee et al. 1999). Although it is
unclear whether such disks can actually be formed, (e.g. in
the evolution of Thorne–Zytkow objects or as a result of
material fallback after a supernova explosion), and whether
they can explain all the observed properties of the AXP,
Perna et al. (2000) made some predictions on the emitted
optical and IR spectra. Very different optical and IR colors
can be obtained by the models presented by these authors,
as a function, e.g., of the neutron star age and magnetic
field, inclination and mass of the disk, importance of reir-
radiation of the pulsar X–ray flux, etc. Therefore it is not
surprising that the current data do not support nor weaken
such models. For instance, the values K∼17 and V∼28 pre-
dicted by Perna et al. for 1E 1841−045 assuming an age of
∼4000 yrs, B = 8 1012 G, a disk mass of 0.005 M⊙ and an
inclination of 60◦ are consistent with several of the objects
visible in our IR data and below the detection threshold in
the optical.
5 CONCLUSIONS
The optical limits on the possible counterparts of other
AXPs have allowed to rule out the presence of a (non-
degenerate) massive companion (see Mereghetti 2000 and
references therein). Unfortunately, we cannot do the same
yet for 1E 1841−045, based on the observations presented
here. However, an OB supergiant companion seems unlikely,
as it requires values of the distance and/or absorption much
in excess of those estimated for 1E 1841−045 to be compat-
ible with the objects we found. Massive main sequence stars
cannot be excluded. For instance a B5 star at ∼7 kpc and
with Av ∼8 would have J and K magnitudes fully consis-
tent with e.g., those of star H. Although the optical and IR
data cannot exclude the possibility that 1E 1841−045 be a
Be binary, its X–ray properties are very different from those
of such a class of sources, that are characterized by hard
X–ray spectra, significant variability and erratic long term
evolution in the spin period.
None of the objects we studied has peculiar char-
acteristics that might suggest a possible connection with
1E 1841−045 . However, if this source is indeed associated
with Kes 73 and therefore subject to a significant reddening,
we have discovered within its error region a promising can-
didate (star 19) deserving further spectroscopic study. We
expect that the data presented here will represent a useful
reference to facilitate the identification task, once the po-
sitional accuracy of 1E 1841−045 will be much improved
by observations with the new generation X–ray satellites
Chandra and NewtonXMM .
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Figure 5. Optical color-magnitude diagram for the stars in a ∼3′×3′ field around the position of 1E 1841−045 . The circles mark the
stars within or close to the error circles. Note that the stars brighter than R∼ 18 are partly saturated and their profile–fitted magnitudes
are to be considered cautiosly. A Pop. I MS at 2.5 kpc and with a reddening AV ∼ 2.5 gives a good fit of the data, in agreement with the
spectroscopic estimate for star A. The segment in the upper right corner indicates the direction of reddening (the length corresponds to
Av = 1 mag).
Figure 6. IR color magnitude diagram for the stars in the region of 1E 1841−045 . The expected positions for main sequence stars (full
lines) and red giants (dashed lines) for selected values of the distance and reddening are also indicated. The diamonds mark objects close
to or within the 1E 1841−045 error boxes. The segment in the upper right cornes indicates the effect of reddening due to Av = 10 mag.
c© 2000 RAS, MNRAS 000, 1–7
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star B V R r Gunn J K
A 17.14 15.95 15.21 16.21 13.53 12.96
B 16.71 15.39 14.56 12.74 12.08
C 18.93 17.55 16.74 17.32 14.78 14.28
D 20.64 17.83 15.92 16.65 11.81 10.33
E 19.49 17.96 16.96 17.66 14.30 12.68
F 20.22 18.55 17.54 18.21 15.17 14.18
G 21.39 19.57 18.49 19.21 15.94 11.76
H 21.66 19.80 18.63 19.40 15.96 14.78
I 21.91 20.16 19.05 19.57 16.48 15.18
L 22.27 20.38 19.35 19.42 15.56 13.39
M 23.51 21.43 19.79 20.34 16.38 15.30
N 22.83 20.86 19.55 20.10 16.58 15.18
O 21.88 20.53 21.07 17.62 16.30
P 22.80 21.41 21.84 19.17 17.08
Q 21.91 20.58 21.18 17.50 14.41
R 22.10 20.75 21.18 17.46 15.54
S 21.96 20.47 20.95 17.84 16.31
T 22.37 23.02 17.16 16.04
U 22.07 22.81 17.34 15.43
V 22.32 22.94 18.05 16.55
Z 22.34 17.16 15.88
1 22.59 23.17 17.91 16.19
2 20.84 21.51 14.72 12.69
3 20.77 21.61 14.73 12.55
4 22.27 23.14 16.93 15.24
5 22.13 20.65 21.20 17.05 12.39
6 16.53 15.06
7 16.94 15.16
8 22.52 23.98 17.28 16.36
9 22.50 23.26 17.00 15.62
10 16.15 13.94
11 14.11 11.94
12 16.96 15.04
13 17.50 15.27
14 16.18 13.73
15 22.41 16.04 13.87
16 23.45 18.09 17.01
17 18.12 16.78
18 23.89 18.07 16.37
19 18.05 12.81
20 17.51 16.33
21 17.05 15.62
22 16.48 14.42
23 18.33 17.08
24 17.73 14.84
25 17.68 15.69
26 17.13 15.44
27 17.38
28 15.59
Table 2. Magnitudes of the stars close to the position of
1E 1841−045 .
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